Gene polymorphisms and mutations have been correlated to different diseases and clinical syndromes. Therefore, screening for gene mutations is an appropriate approach to researching disease. The location of mutation hot spots is not known in new or rarely analyzed genes. To locate such hot spots, the screening of a complete gene sequence in a representative number of individuals is required. Sequencing the gene message (mRNA) after RT-PCR amplification does not depend on the knowledge of exon-intron boundaries. However, this approach needs an appropriate source for the isolation of fresh RNA (i.e., cells expressing the gene in a significant amount). Since the availability of intact mRNA is limited, the direct sequencing of exons after amplification from genomic DNA is the commonly used approach. Many human genes consist of exons with introns of several kilobases in size in between them, and often the exons are smaller than 200 bp. Therefore, sequencing of each single exon is a timeand cost-intensive approach, depending on the number of exons to be analyzed.
In an ongoing research project, we screened the human P-selectin gene for polymorphisms. The gene consists of 17 exons, and literature data about the location of its polymorphisms is limited (2,3). Thus, we decided to screen all exons in 200 DNA samples, leading to 3400 sequencing reactions. By calculating the costs of reagents, chemicals, and plastics, the sequencing reaction was recognized as the most expensive step. Out of the 17 P-selectin exons, 14 are smaller than 200 bp, and four are even smaller than 100 bp. Sequencing such small PCR products is inefficient because the reagents are expensive. Furthermore, the read length of a sequence is mainly limited by the DNA sequencer system used and not by the sequencing reaction. Costa et al. (1) described a multiplex PCR approach followed by cycle sequencing to detect mutations in the FIX gene. The eight exons and the polyadenylation site are co-amplified within one PCR and are subsequently sequenced using one specific primer and dye terminators. The total cost for mutation screening is lower because only one PCR is required. However, each exon is sequenced separately, which does not reduce the number of sequencing reactions, the most cost-intensive step in the procedure.
The standard procedure for direct sequencing of PCR products with fluorescently labeled primers and a LI-COR ® sequencing system (LI-COR, Lincoln, NE, USA) includes re-amplification of the products using nested and tailed primers. The tails contain the binding site for standard sequencing primers, such as universal and reverse, which are then used in cycle sequencing reactions. Here, we describe an im- Figure 1 . Schematic diagram of the EARL strategu. The first step is a duplex PCR for the amplification of exons 4 and 12 using primers from the flanking intron sequences. Primers pselex4-R1x and pselex12-F1x carry the recognition site for Xba I as a 5 ′ tail (patterned boxes). After PCR, the two products have an Xba I site at one end and restriction digest using Xba I produces compatible ends. The ligation reaction forms the EARL product, which is the template for re-amplification using nested primers with binding sites for the sequencing primers universal primer (UP) and reverse primer (RP) as a 5 ′ tail (white boxes). The LI-COR dual laser sequencing system enables the simultanous analysis of both strands of the EARL product, when universal primer and reverse primer carry two different fluorescent labels (IRD700 and IRD800). (RP-tail)-ACGAGCTGAGACACACAG a The sequence of the 5 ′ tail containing the recognition sequence of Xba I (TCTAGA; underlined) is given in bold letters;
(UP-tail), 5 ′ -tail sequence containing the lac Z universal primer binding site (CCTGTAAAACGACGGCCAGT); (RP-tail), 5 ′ tail sequence containing the lac Z reverse primer binding site (CTCAGGAAACAGCTATGACC). Figure 1 illustrates the four steps of the EARL strategy. As an example, the protocol for analysis of the P-selectin exons 4 and 12 is described ( Table 1) . The same protocol can be applied for Pselectin exons 1 and 10, 2 and 14, and 5 and 8 using the corresponding primers ( Table 2 ). The duplex PCR is performed with the use of primers designed from the flanking intron sequences. The reverse primer for exon 4 and the forward primer for exon 12 are modified by a 5 ′ tail containing the recognition sequence for the restriction enzyme Xba I (TCTA -GA). The amplification products are ethanol precipitated and then digested using the Xba I restriction enzyme. After heat inactivation of the enzyme, the EARL product is formed by ligation of the exon 4 PCR product to the exon 12 PCR product. The EARL products are subsequently re-amplified with the use of nested primers, one (pselex4-F1t) carrying a 5´ tail with lac Z-universal primer sequence and the other (pselex12-R1t) carrying the lac Z-reverse primer sequence. Using the LI-COR dual laser system, both strands of the EARL product can be analyzed at the same time with the IRD700-labeled universal primer and the IRD800-labeled reverse primer. Smaller re-amplification products result from the residual primer molecules of the first PCR and can be observed as amplification peaks within the intron sequences located between the two exons ( Figure 2 ). An interference of the amplification peaks with exon sequences did not occur. The complete sequences of exons 4 and 12 could be per - fectly analyzed on both strands within only one sequencing reaction. Instead of using ethanol precipitation after the first PCR, one can use filtration methods in a 96-well format with QIAquick ™96 (Qiagen GmbH, Hilden, Germany) or NucleoSpin ® Multi-96 (Macherey-Nagel GmbH, Düren, Germany). These methods remove the PCR primers more efficiently and resulted in a remarkable reduction of amplification peaks in the intron sequences. However, the quality of exon sequences was the same compared to the purification by ethanol precipitation. The filtration methods are more comfortable in handling but increase the costs per sample. Since both methods revealed good quality of exon sequences, one can choose between the two cleanup methods. Several attempts were made to adapt the EARL strategy to three exons. The reverse primer for exon 9 and the forward primer for exon 15 carried an Xba I restriction site, whereas the reverse primer of exon 15 and the forward primer of exon 16 carried a Cla I site. Multiplex PCR obtained the three amplification products, and ligation was performed after simultaneous Xba I and Cla I restriction. Re-amplification revealed products of expected size in addition to nonspecific smaller fragments, which caused problems in the correct evaluation of the complete sequences of the three exons. Smaller reamplification products presumably result from false ligation. We suggest applying the EARL strategy for only two exons to avoid problems in the evaluation of sequencing data.
In summary, by applying the EARL method and a DNA sequencing system for intermediate throughput, we were able to analyze the sequence of four exons on both strands in 96 individuals within one week. This strategy increases the efficiency of the screening of gene polymorphisms and can also be adapted to other genes.
